We used single-molecule FRET in combination with other biophysical methods and molecular simulations to investigate the effect of temperature on the dimensions of unfolded proteins. With singlemolecule FRET, this question can be addressed even under nearnative conditions, where most molecules are folded, allowing us to probe a wide range of denaturant concentrations and temperatures. We find a compaction of the unfolded state of a small cold shock protein with increasing temperature in both the presence and the absence of denaturant, with good agreement between the results from single-molecule FRET and dynamic light scattering. Although dissociation of denaturant from the polypeptide chain with increasing temperature accounts for part of the compaction, the results indicate an important role for additional temperaturedependent interactions within the unfolded chain. The observation of a collapse of a similar extent in the extremely hydrophilic, intrinsically disordered protein prothymosin ␣ suggests that the hydrophobic effect is not the sole source of the underlying interactions. Circular dichroism spectroscopy and replica exchange molecular dynamics simulations in explicit water show changes in secondary structure content with increasing temperature and suggest a contribution of intramolecular hydrogen bonding to unfolded state collapse.
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T
here is an increasing interest in the properties of unfolded proteins and their roles in the folding and cellular functions of proteins. A key motivation is that many proteins are marginally stable and only fold in the presence of their ligands or binding partners, opening new regulatory possibilities (1, 2) . An important reason for recent progress is the growing availability of methods that provide structural information on these conformationally heterogeneous systems, such as NMR (3), scattering methods (4, 5) , and single-molecule FRET (6) (7) (8) . Although NMR provides mostly local details, small-angle X-ray scattering (SAXS), dynamic light scattering (DLS), and single-molecule FRET provide overall hydrodynamic or long-range distance information. An important advantage of single-molecule FRET is the separation of folded and unfolded subpopulations (9) . As a result, unfolded state properties can be investigated even in the presence of folded molecules (i.e., under near-native conditions, which are physiologically most relevant). This advance has led to the observation of a continuous collapse of the unfolded state with decreasing denaturant concentrations (10), a behavior that now has been demonstrated for a large number of proteins (11) (12) (13) (14) (15) (16) (17) (18) and peptides (19) . Recent advances in the application of theoretical models have led to a quantitative description of this unfolded state collapse in terms of polymerphysical concepts (15, (20) (21) (22) (23) . Such chain compaction also has been demonstrated to result in increased internal friction and a slowdown of intramolecular dynamics of the polypeptide (19, 26) , which can affect the kinetics of protein folding (27) . However, it is still unclear which interactions drive unfolded state collapse.
An experimental variable that can provide more information about the nature of these interactions is temperature. The temperature dependence of protein collapse also has a substantial bearing on several fundamental aspects in protein folding, especially on the degree of energetic frustration and, correspondingly, on folding kinetics (28) (29) (30) (31) (32) (33) . For simple polymers and polymer models that do not involve a temperature-dependent interaction energy, conformational entropy favors open conformations, leading to chain expansion with increasing temperature (34) , an effect that is assumed frequently to be dominant also for unfolded proteins. Although none of the sparse experimental results on this topic show such an expansion, they exhibit substantial variation, ranging from the absence of any detectable temperature dependence (35, 36) to slight (37, 38) and stronger (39) collapse, with some inconsistencies between measurements even on the same protein (35, 37, 40) , calling for a systematic investigation of this issue. Ensemble investigations are limited largely to highly unfolding conditions to exclude interference from the signal of folded molecules and to minimize aggregation. Although these limitations can be avoided in single-molecule FRET experiments (6) (7) (8) , the analysis of changes in the conformational distribution of unfolded proteins has remained largely limited to the influence of denaturants. Possible reasons may be insufficient precision of previous single-molecule experiments or difficulties in accurate temperature control of the confocal optics used over a sufficiently broad temperature range. Here, we overcome these complications (Fig. S1 ) and use the combination of single-molecule FRET with several other biophysical methods to investigate the effect of temperature on unfolded state structure and dimensions over a wide range of denaturant concentrations.
Results
Single-Molecule FRET Experiments. We first used a variant of the small cold shock protein CspTm (10, 16, 26, 41) labeled with donor (Alexa Fluor 488) and acceptor (Alexa Fluor 594) dyes close to its termini (10, 16) . The efficiency of energy transfer between the dyes upon donor excitation was determined from photon bursts originating from individual molecules freely diffusing through the focal spot of the laser beam as E ϭ n A /(n A ϩ n D ), where n A and n D are, respectively, the number of acceptor and donor photons emitted by the molecule (including corrections; see SI Materials and Methods). A histogram from a large number of such events shows distinct maxima corresponding to the subpopulations present in the sample (Fig. 1) . The peak at high E corresponds to folded molecules, and the peak at intermediate E corresponds to unfolded molecules. Fig. 1 shows an example of a temperature-dependent single-molecule FRET measurement at a guanidinium chloride (GdmCl) concentration of 1.0 M. With increasing temperature, we observe a decrease in the folded population and a concomitant increase in the unfolded population, as expected from the thermal denaturation of a two-state protein. However, we also observe an increase in the mean transfer efficiency of the unfolded subpopulation, ͗E͘, with temperature, corresponding to a collapse of the chain. Fig. 2A shows that this increase in ͗E͘ with temperature occurs at all GdmCl concentrations. The small change in transfer efficiency with temperature is probably the reason why we have not been able to detect a significant amplitude from unfolded state collapse in laser temperature-jump experiments, similar to experiments with a closely related cold shock protein (42) . The transfer efficiency of unfolded CspTm at a constant temperature decreases with increasing GdmCl concentrations ( Fig. 2 A Inset) , reflecting the well-established denaturant-induced expansion of the polypeptide (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) .
For an analysis in terms of chain dimensions, the transfer efficiencies need to be converted to a measure of molecular size. Previous results indicate that on the length scales probed here, the distance distributions within unfolded CspTm can be approximated by those of a Gaussian chain (16) . Taking into account the distance distribution P(r), ͗E͘ in the unfolded state can be expressed as (10, 16 )
and P͑r͒ ϭ 4r
where r is the distance between donor and acceptor and R 0 is the Förster radius. Given a value of ͗E͘ from the unfolded subpopulation, the mean-squared end-to-end distance ͗r 2 ͘ of the chain thus can be calculated numerically. To provide an intuitively accessible quantity, we plot our data in terms of the radius of gyration (Fig.  2B ), which for a Gaussian chain is given by R g 2 ϭ ͗r 2 ͘/6 (34). Choosing a different polymer model for the analysis (e.g., that of a worm-like chain) does not affect our conclusions because of the similar shapes of the distance distributions in the range of persistence lengths relevant here (22) . Note also that the effect of chain dynamics on the observed transfer efficiencies (43) does not affect our analysis significantly (Fig. S2 ).
An ideal complementation of the distance information from FRET efficiency histograms, where the distance information is averaged over the duration of the fluorescence bursts, is the analysis of fluorescence intensity decays, which occur on a time scale of a few nanoseconds, much shorter than the reconfiguration time of the chain (26) , and thus provide direct information about P(r) (12, 16, 44) . Additionally, fluorescence lifetimes are less susceptible to inaccuracies in instrument calibration. We thus performed ensemble time-correlated single photon counting experiments in 5.3 M GdmCl (Fig. 2B) . The good agreement of the resulting values of R g with the single-molecule measurements (Fig. 2B ) confirms the accuracy of the correction factors (SI Materials and Methods) used for the determination of transfer efficiencies and distances from the E histograms. Additionally, we performed DLS experiments under identical conditions (5.3 M GdmCl) with unlabeled CspTm. Despite the less extensive statistics compared with the FRET experiments and some uncertainty from the slight protein concentration depen- Fig. 1 . Single-molecule FRET efficiency histograms of CspTm show thermal denaturation and a temperature-induced collapse of the unfolded protein (1.0 M guanidinium chloride). The peak at E Ϸ 0.9 corresponds to folded molecules; the peak at intermediate E corresponds to unfolded molecules. The peak at E Ϸ 0 (shaded) originates from molecules with an inactive acceptor. To determine mean transfer efficiencies, the unfolded peak was fit to a normal distribution, and the other two peaks were fit to log-normal distributions (black lines). dence of DLS measurements, the hydrodynamic radius R h clearly decreases with temperature by Ϸ10 Ϯ 3% between 10 and 70°C, compared with a decrease of R g by Ϸ15 Ϯ 2% from FRET. The ensemble experiments under completely unfolding conditions thus agree with the single-molecule results, confirm the accurate calibration of the single-molecule instrument, and exclude a strong influence of the fluorophores on chain collapse. The agreement of single-molecule and DLS experiments suggests that the collapse of the unfolded state is a global process that affects the entire chain. Experiments with CspTm variants labeled at different positions ( Fig. S3 ) support this conclusion.
Thermodynamic Analysis. In a first step toward the identification of the factors contributing to the temperature-induced chain collapse, we compare our results with the thorough calorimetric measurements of Makhatadze and Privalov on the interaction of denaturants with unfolded polypeptides (45) . With increasing temperature, they found a decrease in the effective binding constants of urea and GdmCl to apo-cytochrome c, reduced and carboxymethylated ribonuclease, and lysozyme. The resulting temperature-induced dissociation of denaturant from the polypeptide is expected to lead to a collapse of the chain. Could this effect be sufficient to account for our observations?
A quantitative comparison requires the conversion of our results ( Fig. 2 ) from GdmCl concentrations to thermodynamic activities a (45) to obtain the radius of gyration as a function of GdmCl activity at different temperatures (Fig. 3A) .
‡ To allow a direct comparison with the calorimetric data, we use the same simple formalism as in ref. 45 to describe the effective binding of GdmCl to the unfolded polypeptide, assuming identical independent binding sites with an effective binding constant K:
where R g0 is the radius of gyration at zero denaturant and is the relative change in the radius of gyration approached asymptotically at very high GdmCl activities. A van't Hoff plot of the values of K obtained from our data upon fitting with Eq. 2 is in surprisingly good agreement with the calorimetric data (Fig. 3B) .
§ With the extended temperature range available here, a curvature of the plot is apparent, resulting in a heat capacity change of ⌬c p ϭ 0.5 Ϯ 0.1 kJ mol Ϫ1 K Ϫ1 and an interaction enthalpy of ⌬h ϭ Ϫ9 Ϯ 3 kJ mol
Ϫ1
at 298 K compared with ⌬h ϭ Ϫ11 Ϯ 2 kJ mol Ϫ1 from the calorimetric data (assuming ⌬c p ϭ 0) (45) . This agreement corroborates the intimate connection between denaturant interactions and the collapse of the unfolded state that we observe (i.e., the temperature-induced dissociation of denaturant contributes to chain compaction). However, if this were the only contribution, we would expect the curves in Fig. 3A to converge at zero denaturant concentration, which is not the case: The values of R g0 obtained from the fits to Eq. 2 ( Fig. 3A) clearly exhibit a temperature dependence (Fig. 3C ) similar in shape to the temperature dependence at the lowest denaturant concentrations (Fig. 2B) . We thus find a temperature-induced compaction of unfolded protein even in the absence of denaturant.
To clarify its molecular basis, we analyzed the data in Fig. 3C in terms of an extended form of Flory-Huggins theory (28), one of the simplest descriptions that can capture the effects of temperature on intramolecular interactions that lead to chain compaction
where n is the number of monomers in the chain, v is the volume of a monomer, and is the Flory parameter, which is essentially a measure for the free energy of intrachain interactions relative to chain-solvent interactions (28) . To describe the behavior of R g0 (T), we introduce the temperature dependence of with
where ⌬H 0 and ⌬S 0 are the enthalpic and entropic contributions, respectively, at T 0 and ⌬C p is the heat capacity contribution to (28) . Interestingly, the fit to our data ( Fig. 3C ) predicts that the collapse will be followed by an increase in R g0 at high temperature. Unfortunately, this temperature regime is currently not accessible experimentally because of the rapid loss of signal Ͼ340 K, presumably due to accelerated photodestruction of the fluorophores.
Role of the Hydrophobic Effect. The interaction that most obviously may be assumed to be responsible for the temperature-induced collapse of unfolded proteins is the hydrophobic effect (39, 47) . Even though we do observe a significant heat capacity term for the intrachain interactions from the analysis using Eq. 3 ( Fig. 3C ), the temperature dependence does not resemble the one typically assigned to the hydrophobic effect, with its more gradual increase and maximum strength approached only at Ϸ400 K (47). To clarify the role of the hydrophobic effect further, we thus performed single-molecule FRET experiments on prothymosin ␣, an intrin- ‡ Note that for salts, such as GdmCl, the mean activity coefficient ␥Ϯ of Gdm ϩ and Cl Ϫ is used. The dimensionless activity results from the molar GdmCl concentration c as a ϭ (␥ϮcM Ϫ1 ) 2 . We used the tabulated values of the activity coefficient (46) for interpolation. § The assumption made in Eq. 2 that the change in Rg is approximately proportional to the saturation of binding sites with denaturant molecules is plausible (45) , even though we are not aware of a rigorous theoretical justification. However, the values of K obtained from fits analogous to Eq. 2 for either Rg (e.g., at 296 K, K ϭ 0.68 Ϯ 0.10), the persistence length of the chain (K ϭ 0.58 Ϯ 0.07), or R g 3 (an effective molecular volume) (K ϭ 0.46 Ϯ 0.07) as a function of GdmCl activity are all equal within error to the calorimetric value (K ϭ 0.60 Ϯ 0.09 at 298 K), indicating that the choice of parameter is not particularly critical for our analysis. 
Error bars in B and C represent standard deviations taken from the covariance matrices of the fits in A.
sically disordered protein with extremely low hydrophobicity and an unusually large proportion of charged and polar amino acids (2, 48) .
In the case of a dominant contribution of the hydrophobic effect, we would expect a significantly less pronounced collapse for prothymosin ␣ with increasing temperature than that for CspTm. We introduced Cys residues at positions 2 and 56 and labeled them with the same donor and acceptor fluorophores as CspTm. Singlemolecule FRET experiments were performed in the presence of 0.5 M GdmCl to screen electrostatic interactions, which strongly influence the dimensions of prothymosin ␣ at low ionic strengths due to its large negative net charge at pH 7 (48) . Surprisingly, we observed the same degree of collapse for prothymosin ␣ as for CspTm, with a reduction in R g by Ϸ13 Ϯ 3% between 282 and 337 K (Fig. 4 ) compared with 13 Ϯ 2% for CspTm in 0.5 M GdmCl. A specific effect of GdmCl can be excluded, because a collapse of the same extent is observed for prothymosin ␣ in the presence of other solutes that shield the charges by an increase in ionic strength (e.g., in 0.5 M sodium phosphate) (Fig. S4 ). These findings suggest that the hydrophobic effect is not the main cause of temperatureinduced unfolded state collapse. An aspect that has been implicated in the behavior of unfolded proteins is the formation of secondary structure with increasing temperature. Yang et al. suggested a general propensity of unfolded polypeptides to form local extended segments at high temperatures (49) , visible in NMR (50) and as an increase in the CD signal around 222 nm (ref. 49 and citations therein). To investigate the role of this effect for CspTm, we used a destabilized protein variant to exclude the influence of the unfolding transition on the observed signal change. We prepared a deletion variant lacking the five C-terminal amino acids, resulting in complete unfolding even without denaturant. To eliminate problems with aggregation at high temperatures and for direct comparability with the collapse data, the experiments were performed in 0.5 M GdmCl. A comparison of the CD spectra at 277 and 368 K (Fig. 5) shows the characteristic signal change that indicates the formation of secondary structure (49) . The reversibility of the process and the absence of aggregates after return to low temperatures show that aggregation is not involved, as also observed in previous studies (49, 51) . Even though the temperature dependence of the increase in secondary structure content extends over a broader temperature range than the collapse observed by FRET (Fig. 3C) , it is suggestive of a connection between chain collapse and secondary structure content.
Simulations. To investigate further the microscopic origin of temperature-induced collapse, we performed replica exchange molecular dynamics simulations of unfolded CspTm in explicit water over a temperature range from 275 to 352.5 K (32 replicas) with different force fields and water models. Given that the experimental reconfiguration time of the unfolded state ranges between Ϸ20 and 80 ns under these conditions (26, 52) (Fig. S2) , we can expect significant sampling of conformational space in the simulation time of 100-150 ns per replica (Fig. S5) . Interestingly, we find that the results strongly depend on the force field and water model used. The AMBER ff03* protein force field (53) in combination with the TIP4P-Ew water model (54) resulted in a decrease of R g by Ϸ6% over the entire temperature range (Fig. 6A) , in qualitative agreement with the experimental result (Fig. 3C) , but with TIP3P water (55), R g increased by Ϸ14% (Fig. 6A) . This difference may be related to the more accurate temperature dependence of the properties of pure water given by TIP4P-Ew compared with those given by TIP3P (54) . Simulations with the OPLS-AA/L protein force field (56) also showed a slight collapse with temperature ( Fig.  6A ) but were less well converged (SI Materials and Methods and Fig.  S6 ). In all cases, the mean R g in the simulations (1.24-1.56 nm) was considerably lower than that observed experimentally [Ϸ2.2-2.4 nm, corrected for the lengths of dyes and linkers (16)] These observations stress the importance of the subtle balance between protein and water energy functions (57), which is particularly critical for simulations of unfolded proteins.
Analysis of the backbone conformations (Fig. S7a) indicated an increase in the population of the ␣ region of the Ramachandran map; the polyproline II content decreased with temperature, similar to NMR results for a short alanine peptide (50) . A DSSP (58) analysis (Fig. S7b) , which is largely based on hydrogen bonding patterns, showed an increased turn population at higher temperatures. Whereas the larger compactness in the simulations using OPLS compared with those using AMBER correlated with ␤-sheet content (Fig. 6A and Fig. S7b) , the secondary structure changes observed with TIP3P and TIP4P-Ew were quite similar. The simulations thus may not allow us to identify a particular type of secondary structure involved in chain collapse (possibly also because longer time scales may be required to reach a completely equilibrated distribution of local secondary structure motifs), but we observed a clear overall correlation between collapse and intramolecular hydrogen bonding: in those force fields that collapsed the chain with increasing temperature, more protein-protein hydrogen bonds were formed and more protein-water hydrogen bonds lost than in the ff03*/TIP3P simulation, where the protein expanded with temperature ( Fig. 6 B and C) .
In summary, the simulations indicate roles for secondary structure formation and hydrogen bonding in temperature-induced collapse, but the strong dependence of the results on the water model indicate that the force fields-at least on the time scales accessible here-capture predominantly effects related to solvation.
Discussion
The few previously reported experiments give a heterogeneous picture of the effect of temperature on unfolded state dimensions. For example, although DLS measurements on RNase A unfolded by reduction of its disulfides showed a slight compaction with temperature (37), recent SAXS measurements reported no significant change of R g (35) . A significant collapse of RNase T1 in 5.3 M GdmCl was observed by DLS (38) . No change in R g was reported for ␤-lactoglobulin in 8 M urea between 0 and 25°C (36) . Laser temperature-jump experiments on the acid-denatured small protein BBL monitored by ensemble FRET showed a clear collapse with increasing temperature (39), and NMR indicated an expansion of the cold-denatured C-terminal domain of protein L9 with decreasing temperature (59) .
Here, we tried to exclude the most important complications in the investigation of unfolded state collapse. First, we used a two-state folder without disulfides to avoid ambiguities from the influence of structured intermediates or disulfides on the properties of the denatured state. Second, we used single-molecule FRET to monitor the unfolded state even under conditions where the folded state is populated, avoiding the need for additional destabilization by reduction or low pH (35, 37, 39, 40) . Third, aggregation does not occur at the exceedingly low concentrations used in single-molecule experiments and can be monitored in situ (60) . Fourth, we excluded a significant influence of changes in chain dynamics on the observed FRET efficiency changes by measuring nanosecond intensity correlation functions (Fig. S2) , which report on the time scales of chain reconfiguration (26) . Finally, we directly compared the singlemolecule results with ensemble DLS experiments on the same protein without labels and under identical solution conditions to exclude a strong influence of the FRET dyes on the collapse process.
Our results reveal two conceptually different contributions to the temperature-induced collapse of unfolded proteins. One of them is the enthalpic component of the interaction between protein and denaturant, resulting in the dissociation of denaturant from the polypeptide chain with increasing temperature (45) . However, denaturant dissociation cannot account for the entire effect of temperature on unfolded state collapse, as demonstrated by the change in chain dimensions at very low GdmCl concentrations (Fig.  2 ) and extrapolated to zero denaturant (Fig. 3C) .
ʈ Interestingly, the hydrophobic effect, the interaction most commonly associated with protein stabilization (47) , cannot be the sole source of this temperature-induced compaction, because we observe a collapse of a very similar extent for two proteins with very different average hydrophobicities, CspTm and the ''natively unfolded'' protein prothymosin ␣. Moreover, CspTm unfolds with increasing temperature, whereas the unfolded state compacts (Fig. 1) , another indication that the interactions stabilizing the native state and those compacting the coil are not of the same physical origin.
Both CD measurements (Fig. 5 ) and molecular simulations ( Fig.  6 and Fig. S7 ) (49) point toward a role for secondary structure formation and hydrogen bonding in temperature-induced unfolded state collapse. Even though a contribution from ␣-helical conformations (23) and ␤ turns (61) should not be excluded, the contribution of ␤-structure formation may be particularly relevant. In kinetic synchrotron radiation CD experiments, we found earlier that collapsed unfolded CspTm exhibits a higher content of ␤ structure than the protein at high denaturant concentrations (16). Magg et al. (42) showed that the collapse of a highly homologous cold shock protein is accompanied by the local extension of a short segment that forms a ␤ strand in the folded structure. Most importantly, indications of an increase in ␤ structure with increasing temperature have been reported for several proteins (ref. 49 and citations therein), similar to the behavior that we observe for CspTm (Fig. 5) . From theoretical considerations and simulations (49, 62) , there has been suggested to be a general entropic bias toward extended structure, because steric interference is minimized and side chains are allowed to adopt the largest number of configurations. This effect will be amplified at high temperatures. The resulting short and probably highly dynamic ␤ segments may form nonnative hydrogen bonds within the unfolded polypeptide and contribute to chain compaction (19, 57) . The same interactions may be responsible for the aggregation of unfolded proteins (49), a process that is particularly prevalent at high temperatures.
Relating the global compaction of unfolded proteins to local structure formation with further experiments, simulations, and theory will be interesting. Nuclear magnetic resonance, for instance, may allow an experimental determination of local structural propensities related to compaction (3, 59) . By introducing systematic perturbations to explicit-solvent force fields, one may be able to identify the energetic contributions to unfolded state collapse. An alternative theoretical approach is the use of analytical models, such as structure-based free energy functionals (24) or coarse-grained simulations employing funneled energy landscapes (25) . For example, in a recent study the relative contributions of native-like interactions and hydrophobic and electrostatic effects in the denatured state could be quantified (25) . Such models could capture the temperature dependence of structure formation in the unfolded state if the interaction potential varied with temperature. Our results also may help to explain why many proteins exhibit two-state kinetics, since strong collapse is disfavored under folding conditions (33) .
In summary, our observations bring together several independent findings that in fact may be connected closely: the temperature-induced collapse of unfolded proteins, the thermodynamics of protein-denaturant interactions, and the changes in the secondary structure propensity of unfolded polypeptides at high temperatures. The observation that the temperature dependence of attractive intramolecular interactions overcompensates for conformational entropy and leads to chain collapse with increasing temperature is in contrast to simpler systems, such as homopolymers, where the chain expands at high temperatures (28, 34) . Finally, the arising picture suggests that the term ''hydrophobic collapse'' may be an incomplete description of the compaction of unfolded polypeptides at low denaturant concentrations and high temperatures.
Materials and Methods
Expression, purification, and labeling of full-length CspTm were performed as described in refs. 10 and 16. The truncated variant of CspTm and prothymosin ␣ were purified using a hexahistidine tag. Single-molecule fluorescence and correlation experiments were performed using a MicroTime 200 confocal microscope (PicoQuant) essentially as described in refs. 16 and 26. Changes in refractive index and spectral properties of the dyes with GdmCl concentration and temperature were measured independently and taken into account for the calculation of R 0. The temperature was adjusted with a Peltier-controlled sample holder and calibrated using the temperature-dependent fluorescence lifetime of rhodamine B (63) (SI Materials and Methods and Fig. S1 ). We used a combination of additives (␤-mercaptoethanol and cysteamine; see SI Materials and Methods) to reduce photodamage at high temperatures. Ensemble fluorescence intensity decays of the donor and acceptor were fit globally to the transfer rate distribution expected for a Gaussian chain by reconvolution with the instrument response function (16) . Dynamic light scattering was measured as described in ref. 64 .
Circular dichroism measurements were performed at a protein concentration of 0.23 mg/mL. The absence of aggregates was tested by static light scattering in a fluorometer or by the lack of any slope in absorption measurements Ͼ350 nm. Replica exchange molecular dynamics simulations of unfolded CspTm were run using the OPLS/AA-L (56) and AMBER ff03* (53) force fields with two explicit water models [TIP3P (55) and TIP4P-Ew (54)], spanning a temperature range from 275 to 352.5 K in increments of 2.5 K. From unfolded configurations generated at high temperatures, simulations were run for 100 -150 ns per replica (for a total of Ϸ9.3 s). For details, see SI Materials and Methods.
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SI Materials and Methods
Preparation and Labeling of Proteins. Cysteine residues were introduced by site-directed mutagenesis to provide functional groups for the specific attachment of the dyes as described in refs. 1 and 2. Expression, purification, and labeling of full-length CspTm were performed as described in refs. 1 and 3. The truncated variant of CspTm was expressed with a cleavable hexahistidine tag to allow for rapid purification and to minimize nonspecific degradation of this unfolded protein. To this end, the gene was cloned from the vector pET21a into pET47b(ϩ), and the sequence coding for the five C-terminal amino acids was deleted by successive quick-change mutagenesis steps. The protein was expressed in LB medium with kanamycin and 1 mM IPTG at 37°C. Harvested cells were disrupted, and DNA was digested. The cleared supernatant was loaded on a HisTrap column (GE Healthcare Bio-Sciences AB) in 20 mM Tris⅐HCl, pH 8.0, 0.5 mM NaCl, 2 mM ␤-mercaptoethanol, 10 mM imidazole, and 4 M guanidinium chloride (GdmCl). After the 280-nm UV absorption signal reached the baseline, the column was washed with two column volumes of 20 mM Tris⅐HCl, pH 8.0, 0.5 mM NaCl, 2 mM ␤-mercaptoethanol, and 10 mM imidazole, and a gradient from 10 to 500 mM imidazole was used to elute the His-tagged protein. Human rhinovirus 3C protease (containing a His tag) was added to a final concentration of 0.3 mg/mL, and after 12 h at room temperature, the cleavage reaction was dialyzed against 20 mM Tris⅐HCl, pH 8.0, 0.5 mM NaCl, 2 mM ␤-mercaptoethanol, and 10 mM imidazole and applied to a HisTrap column. The cleaved CspTm without a His tag was collected in the flow-through and concentrated. Labeling was performed as for the full-length protein.
Prothymosin ␣ also was expressed with a cleavable hexahistidine tag for rapid purification. The coding sequence for human prothymosin ␣ was cloned from the vector pHP12 (4) into pET47b(ϩ). Cysteine residues were introduced in positions 2 and 56 by site-directed mutagenesis (residue numbering is from Met in the protein sequence, excluding the 19-residue Nterminal purification tag). The protein was expressed in Terrific Broth medium with kanamycin and 1 mM IPTG at 37°C. Harvested cells were disrupted, and DNA was digested. The cleared supernatant was loaded on a HisTrap column in 20 mM Tris, pH 7.0, 100 mM NaCl, and 2 mM ␤-mercaptoethanol. A gradient from 40 to 500 mM imidazole was used to elute the His-tagged protein. Fractions were identified via SDS/PAGE, pooled, extracted with butanol, and precipitated with ethanol (4). Pellets were dissolved in 50 mM sodium phosphate, pH 7.0, reduced with 5 mM tris(2-carboxyethyl)phosphine (TCEP), and purified on a Superdex 75 gel filtration column (GE Healthcare Bio-Sciences AB) in 100 mM sodium phosphate, pH 7.0, 2 mM ␤-mercaptoethanol, and 0.01% Tween. Fractions containing the full-length protein were combined, extracted with butanol, and precipitated with ethanol. The pellet was dissolved in 4 M GdmCl and 50 mM sodium phosphate, pH 7.0, and the protein concentration was determined by bicinchoninic acid assay (BCA Protein Assay Kit; Pierce). Fluorophore labeling was performed at a protein concentration of Ϸ0.1 mg/mL with a threefold excess of Alexa Fluor 488 and Alexa Fluor 594; gel filtration was used to remove the free dye. The correct molecular mass of the labeled protein was confirmed by MALDI mass spectrometry. The donor-only labeled and acceptor-only labeled prothymosin ␣ resulting from such random labeling does not interfere with single-molecule FRET measurements.
Single-Molecule Fluorescence Spectroscopy. Observations of singlemolecule fluorescence were made using a MicroTime 200 confocal microscope (PicoQuant) equipped with a continuous-wave 488-nm diode laser (Sapphire 488-100 CDRH; Coherent) and an Olympus UplanApo 60ϫ/1.20W objective. Sample fluorescence was separated into donor and acceptor components using a dichroic mirror (585DCXR; Chroma Technology) and two final filters (ET525/50M and HQ650/100; Chroma Technology). Each component was focused onto an avalanche photodiode (SPCM-AQR-15; PerkinElmer Optoelectronics), and the arrival time of every detected photon was recorded. Samples of labeled protein were diluted to a concentration of Ϸ20 pM in 50 mM sodium phosphate buffer at the appropriate GdmCl (Pierce) concentration, individually adjusted to pH 7. Tween 20 (0.001%; Pierce) was added to prevent surface adhesion of the protein (1). To reduce data acquisition time and thus minimize damage to the chromophores at high temperatures, the photoprotective additives ␤-mercaptoethanol (200 mM) and cysteamine (5 mM) were included. As a result, the measurements could be performed at a laser power of 400 W at the sample, resulting in significantly more intense fluorescence bursts and a reduction of the acquisition time from approximately 1 h to 15 min per measurement (for 5,000-10,000 identified bursts). Successive photons detected in either channel separated by Ͻ100 s were combined into one burst. Identified bursts were corrected for background, differences in quantum yields of the donor and acceptor, different collection efficiencies in the detection channels, cross-talk, and direct acceptor excitation, as described in ref. 5 . A burst was retained as a significant event if the total number of counts exceeded 70.
The Förster radius R 0 was corrected for the changes in solution conditions, which were dominated by the change in refractive index n with GdmCl concentration (2) . The overlap integral (6) for Alexa Fluor 488 emission and Alexa Fluor 594 absorption was found to be independent of GdmCl concentration and temperature within error of the measurement. The change in n with temperature was measured refractometrically; it was found to be Ͻ1% over the temperature range used here and very similar to the refractive index change of water with temperature (7) at all GdmCl concentrations. Thus, n is dominated by the change in GdmCl concentration. Assuming the change of n with absolute temperature T and GdmCl concentration c D (8) Fluorescence lifetime experiments on CspTm singly labeled with the donor or acceptor show a negligible change of the fluorescence lifetime (and thus the quantum yield) with temperature. Correlation experiments (9) show that under the conditions used here chain reconfiguration times are at least approximately an order of magnitude greater than the donor fluorescence lifetime (Fig. S2 ) but small relative to the mean burst duration of Ϸ1 ms, justifying the use of Eq. 1 (main text) (10) , which neglects the influence of chain diffusion on the observed transfer efficiencies (11) . By numerically solving the diffusion equation in the potential of mean force corresponding to P(r) for a Gaussian chain modified by a sink term to account for FRET (11) , with the intramolecular end-to-end diffusion coefficients obtained from correlation experiments (9) as a function of temperature ( Fig. S2) , we can estimate the effect of the change in intramolecular diffusion on the change in the radius of gyration (R g ) over the accessible temperature range to be Ϸ10% of the observed amplitude (i.e., less than the experimental uncertainty). Timeresolved fluorescence polarization anisotropy decays indicate rapid reorientation of the dyes during the fluorescence lifetime of the donor (12); an orientational factor 2 (6) of 2/3 thus can be used to calculate R 0 (2). The transfer efficiency of the unfolded state was independent of the laser power in the range of excitation rates used here.
A custom-built temperature-controlled sample holder employing Peltier elements and a digital temperature controller (TC2812-LAB12; Cooltronic) with a PT100 temperature sensor was used (Fig. S1) . Because of the danger of damage to the microscope objective at high temperatures, the objective cannot be heated to the highest temperatures required here. The contact of the sample cell to the objective via immersion water thus results in a temperature gradient in the sample, and the temperature needs to be determined directly at the confocal volume. It was calibrated via the temperature-dependent fluorescence lifetime of rhodamine B (13) determined in a custom-built temperature-controlled ensemble time-correlated single photon counting instrument (12) , where the temperature can be measured with a thermocouple directly in the sample whose temperature is kept uniform by stirring. Rhodamine B lifetimes from time-correlated single photon counting measurements in the confocal instrument under identical conditions then can be converted to temperature with an accuracy of approximately Ϯ2 K. The sample was excited at 470 nm with a 20-MHz repetition rate using a pulsed diode laser (LDH 470; PicoQuant); emission was observed at magic-angle settings using a z 582/15 filter (Chroma Technology). For measurements on labeled CspTm in 5.3 M GdmCl, ET525/50M and HQ650/100 filters (Chroma Technology) were used for the donor and acceptor emission, respectively. The decays were fit globally to the transfer rate distribution expected for a Gaussian chain by reconvolution with the instrument response function (FWHM of 80 ps) (2) . Note that at the extremely low excitation rate of these ensemble experiments, the donor-only peak is absent in our CspTm preparation, as in single-molecule experiments at very low power (14) or measurements under flow (14) , and therefore does not influence the analysis. Dynamic Light Scattering. Dynamic light scattering was measured at a scattering angle of 90°and a wavelength of 532 nm using a custom-built apparatus, equipped with a diode-pumped, continuous-wave laser (Millennia IIs; Spectra-Physics) and an avalanche photodiode. Details of the detection and data processing procedures have been described elsewhere (15) . The translational diffusion coefficients D were obtained from the measured autocorrelation functions using the program CONTIN (16) . The translational diffusion coefficients D were converted to hydrodynamic radii via the Stokes-Einstein equation R h ϭ k B T/ (6 0 D), where k B is Boltzmann's constant, T is absolute temperature, and 0 is the solvent viscosity. Solvent viscosities and densities were measured using an Ubbelohde type viscometer (Viscoboy 2; Lauda) and a digital density meter (DMA 58; Anton Paar), respectively. Refractive indices of the solvent mixtures were measured with an Abbe type refractometer. The solvents and protein solutions were filtered through 100-nm pore-size Anotop filters (Whatman) directly into small flow cells with path lengths of 1.5 mm (Hellma).
Circular Dichroism Spectroscopy. Experiments were performed in a Jasco J-715 CD spectrometer (Jasco) equipped with a temperature-controlled water bath, using a cylindrical quartz cell with a path length of 1 mm and a protein concentration of 0.23 mg/mL in 50 mM sodium phosphate buffer with 0.5 M GdmCl adjusted to pH 7.0. The absence of aggregates was tested by static light scattering in a fluorometer or by the lack of any slope in absorption measurements at wavelengths Ͼ350 nm.
Molecular Dynamics Simulations. Simulations of unfolded CspTm were run in explicit solvent using periodic boundary conditions with the GROMACS 4.0.3 package (17) . Three sets of simulations were run: (i) with the AMBER ff03* force field (18) for the protein with TIP4P-Ew water (19) in a truncated octahedral cell with an initial size of 65 Å, containing 6,637 water molecules; (ii) with the AMBER ff03* force field (18) for the protein with TIP3P water (20) in a truncated octahedral cell with an initial size of 65 Å, containing 6,637 water molecules; (iii) with the OPLS/AA-L force field (18) for the protein with TIP3P water (20) in a cubic cell with an initial size of 60 Å, containing 6,648 water molecules. The simulations were propagated using Langevin dynamics with a time step of 2 fs and a friction coefficient of 1 ps Ϫ1 on all heavy atoms to maintain a constant temperature, and bond lengths were kept fixed using the LINCS constraint algorithm (21) . Long-range electrostatics were calculated using particle mesh ewald (PME) with a grid spacing of 1.2 Å and a cutoff of 9 Å. Initial configurations were obtained by solvating an unfolded chain in a box of water and deleting the overlapping water molecules. To obtain the correct size for the simulation cell, the system was equilibrated for 200 ps at 300 K at a constant pressure of 1 atm using a Parrinello-Rahman barostat (22) . From the equilibrated configuration, a 1-ns simulation at constant volume was run at 800 K to generate randomized initial coordinates. Replica exchange molecular dynamics at a constant volume was performed using 32 replicas spanning the temperature range from 275 to 352.5 K in increments of 2.5 K, with each replica initiated from a different configuration drawn from the run at 800 K. Exchange attempts were made every 5 ps, and coordinates were saved every 10 ps. Each replica was run for 140, 150, and 100 ns for simulations i, ii, and iii, respectively. Fig. S5 shows the cumulative R g over the simulations, indicating that most of the relaxation to equilibrium is complete after Ϸ30 ns. The first 30 ns of the simulations thus were discarded to allow for equilibration. A comparison of the radii of gyration and endto-end distances as a function of temperature is given for all three force fields in Fig. S6 . The data for simulation iii appear to be less well converged than those for the other two force fields, as suggested by the increase in end-to-end distance for this simulation, while the overall R g decreases (Fig. S6) . The temperature distribution from finite element calculations (objective at room temperature and sample holder at 342 K, prepared using COMSOL Multiphysics; COMSOL) shows a pronounced temperature gradient, illustrating that the temperature must be determined locally (i.e., at the position of the confocal volume just above the cover slide of the sample cell). The calculated temperature at the position of the confocal volume is in good agreement with the values obtained from rhodamine B fluorescence lifetimes. 
